Synchronized control of excitatory and inhibitory synapse maturation is crucial for normal brain wiring, while its dysfunction leads to neurodevelopmental disorders, including autism. A paper in this issue of Neuron identified a novel role for the KCC2 pump, also responsible for the GABAergic synapse developmental switch, in regulating spiny excitatory synapse maturation, implicating it in the coordinated maturation of inhibitory and excitatory synapses.
Understanding the mechanisms of synapse development is a central issue in neurobiology, because synaptogenesis and developmental synaptic structural plasticity are crucial for the formation and refinement of neuronal circuits, including those underlying cognitive functions such as learning and memory, and because abnormal synaptogenic processes lead to neurodevelopmental disorders. Most excitatory synapses on pyramidal neurons in the mammalian forebrain are located on tiny mushroom-like protrusions called dendritic spines. During postnatal brain development, spine numbers and shape change dramatically, contributing to the formation and elimination of synapses, which in turn underlies the wiring and rewiring of neuronal circuits (Lendvai et al., 2000) . During this period, spines also exhibit a high degree of structural and functional plasticity, which is associated with their maturation (Engert and Bonhoeffer, 1999) . In young neurons, early in postnatal development, dendrites do not have spines, but are rather covered with thin, long, highly dynamic protrusions that often do not bear synapses, called filopodia. It is thought that filopodia participate in synapse formation by helping dendrites reach out for axons, thereby sampling potential presynaptic contacts (Lendvai et al., 2000) . In more mature neurons, the morphology of existing spines is regulated by synaptic activity (Xie et al., 2007) , and conversely, spine structure modulates synapse function. Activity-dependent spine plasticity therefore contributes to the experience-dependent refinement of neuronal circuits and to learning and memory. While filopodial and spinal plasticity is widespread during development, its extent in mature neurons is a subject of heated debate.
On the other hand, what is very clear is that numerous neurodevelopmental disorders that affect human cognition are associated with altered spine development (Fiala et al., 2002) . Specifically, altered dendritic spine morphogenesis and maturation occurs in mental retardation, fragile X, autism spectrum disorders, Rett syndrome, Down's syndrome, Angelman's syndrome, neurofibromatosis, and tuberous sclerosis, just to name a few. This indicates that aberrant spine formation and remodeling are important pathophysiological factors in these disorders. Most importantly, in some forms of human nonsyndromic mental retardation, spine dysgenesis is the only detectable anatomical phenotype, testifying to the central role of spine morphogenesis in human cognitive development (Dierssen and Ramakers, 2006) .
Dendritic spine morphogenesis, motility, and plasticity depend on regulated rearrangements of the synaptic actin cytoskeleton, as actin is very concentrated in spines and the actin cytoskeleton in spines is highly dynamic (Fischer et al., 1998) . In addition, postsynaptic actin modulates glutamate receptor synaptic clustering and synaptic transmission and plasticity (Xie et al., 2007) . Consequently, regulators of the actin cytoskeleton in spines are important for synapse maturation and plasticity.
Early in development, GABAergic signaling is excitatory, and later, following a developmental switch, it becomes inhibitory (Akerman and Cline, 2007) . This is due to a switch in the reversal potential of the GABA A receptors, allowing them to become hyperpolarizing. The development of excitatory and inhibitory synapses has been classically thought to follow different courses, but recently the idea that shared mechanisms may control them is emerging (Liu, 2004) . A correctly regulated balance of inhibition and excitation is hence crucial for normal brain circuit development, to assure that inhibition always matches the level of excitation, and to allow plasticity while simultaneously avoiding excitotoxicity, among other reasons (Akerman and Cline, 2007) . Particularly interesting is the idea that the balance of excitatory and inhibitory synapses is altered in disorders like autism and schizophrenia.
However, few molecules that could synchronize excitatory and inhibitory synapse development were known. The article by Li et al. (2007) in this issue of Neuron found that KCC2, a K-Cl pump previously linked to the development of GABA A receptors (Lee et al., 2005) , is also required for the correct maturation of spiny excitatory synapses on cortical pyramidal neurons ( Figure 1 ). KCC2 is a neuronspecific K-Cl cotransporter that is expressed during synapse maturation and in mature neurons, and it controls the developmental switch of GABA A receptors from depolarizing to hyperpolarizing, i.e., from excitatory to inhibitory. This function is carried out together with another channel, NKCC1. Of the two, KCC2 has been less well characterized. The observation that KCC2 is not restricted to inhibitory synapses but is enriched near excitatory synapses in pyramidal neurons prompted the authors to examine its potential roles in spiny synapse development.
By examining KCC2
À/À mice, they found that in the absence of KCC2, spines did not mature correctly, but instead, dendrites were covered with immature filopodia-like protrusions.
On the other hand, spine density was not affected by KCC2. Using extensive controls, the authors demonstrate that these effects were not indirectly caused by dysfunction of GABAergic transmission. Remarkably, the number of active presynaptic terminals and mEPSC frequency (but not amplitude) were significantly reduced in the absence of KCC2, indicating a strong presynaptic effect. However, the spine morphology deficits in KCC2 À/À neurons were rescued by the postsynaptic expression of KCC2, demonstrating that these effects were postsynaptically determined. Moreover, postsynaptic expression of an N-terminally truncated KCC2, but not full-length KCC3, rescued the reduced mEPSC frequency in KCC2 À/À neurons. These data indicate that postsynaptic expression of KCC2 is sufficient to regulate spine morphology and the associated presynaptic morphology and function. The authors went on to carry out a structure-function analysis of KCC2 in regulating spine morphogenesis. First, by deleting the N terminus, which is responsible for the ion transport activity, they found that ion transport was not necessary for spine morphogenesis. On the contrary, the C terminus of KCC2 was required for this function. Using coimmunoprecipitation experiments, the authors went on looking for proteins interacting with the C-terminal domain of KCC2.
They found that KCC2 interacted with 4.1N, a previously characterized postsynaptic protein (Figure 1) . Because 4.1N also interacts with spectrin, actin, and AMPA-type glutamate receptors, among other proteins, this interaction may provide a mechanistic link to the control of the synaptic cytoskeleton by KCC2.
The article by Li et al. (2007) presents several new and important findings. One of the most important conclusions is that shared molecular mechanisms control the maturation of both excitatory and inhibitory synapses. Therefore, this paper will further our knowledge of the molecular mechanisms that coordinately control cortical excitatory and inhibitory synapse maturation, and expand our understanding of normal and pathological brain development.
The balance of excitatory and inhibitory synapse development has come under intense investigation recently, mainly because its malfunctions may contribute to neurodevelopmental disorders like autism and autism spectrum disorders (Zoghbi, 2003) . A class of synaptic adhesion molecules that also function in trans-synaptic signaling called neuroligins and neurexins has been shown to control the correct excitatory/inhibitory balance (reviewed in Levinson and El-Husseini, 2005) . Most importantly, mutations of these proteins cause autism in humans (Jamain et al., 2003) , and autism-like phenotypes in mice (Tabuchi et al., 2007) . This is particularly interesting, since KCC2 À/À neurons have presynaptic dysfunctions that can be rescued postsynaptically, suggesting that a transsynaptic retrograde communication may account for these observations. Thin and long spines, such as those observed by Li et al. (2007) in KCC2 À/À neurons, are also evident in the brains of patients with fragile X (Irwin et al., 2000) and in several other neurodevelopmental disorders; therefore, this study may shed light on the pathophysiology of these diseases. Importantly, while KCC2 has been previously known as a cation-chloride pump, its channel-independent role in controlling spine morphogenesis is a novel and unexpected function for this protein. Although spine maturation does not require the channel function of KCC2, ion transport is required for the inhibitory synapse developmental switch.
The authors importantly identify 4.1N protein, which interacts with the actin cytoskeleton, as a player in the downstream cascade that mediates the spine morphogenic function of KCC2. Nevertheless, it would be very interesting to know more about exactly how KCC2 regulates spine morphogenesis: KCC2 may act directly on the actin cytoskeleton through 4.1N, but it may also interact with other mechanisms previously shown to regulate spine maturation. Because the small GTPase Rac regulates the actin cytoskeleton during spine formation, enlargement, and maintenance (Xie et al., 2007) , it is natural to ask whether any functional connections may exist between KCC2 and the regulators of Rac. Rho-like small GTPase pathways control spine morphogenesis and cognitive development in humans, as many types of mental retardation are associated with altered spine morphogenesis and are caused by mutations in genes encoding Rho GTPase-associated proteins (Dierssen and Ramakers, 2006) . Exploring these potential connections could also link Rho-mediated spine development with inhibitory synapse maturation. Because KCC2 controls the synchronous development of inhibitory and excitatory synapses, it would also be interesting to know if there were any downstream functional links between excitatory and inhibitory synapse development.
For example, does 4.1N play a role in GABAergic synapses as well? Since spine morphogenesis and the balanced development of excitatory and inhibitory synapses are important in the pathophysiology of neurodevelopmental disorders, it would be interesting to see if the KCC2 hy/null mice had behavioral phenotypes mimicking autism, fragile X, or mental retardation. It would also be interesting to know whether the KCC2 gene may be linked to any of these disorders.
Li et al. show that postsynaptic alterations of KCC2 expression and function have strong presynaptic effects. However, it remains unclear from the study how postsynaptic KCC2 affects presynaptic site number and function. One possibility is that the postsynaptic effects are relayed to the adjacent presynaptic terminals through transsynaptic signaling pathways. It would therefore be interesting to examine the potential involvement of trans-synaptic signaling pathways that affect spine morphology, such as neuroligin/ neurexin (Levinson and El-Husseini, 2005) , or ephrinB/EphB (Penzes et al., 2003) .
In conclusion, the paper by Li et al. gives us important insight into the coordinated development of excitatory and inhibitory synapses in the mammalian cerebral cortex, and opens up many new avenues for future research.
